The Spacelab 2 space shuttle mission included experiments on the production of waves in the ionospheric plasma by the injection of pulsed electron beams. The Spacelab 2 mission took place during July and August of 1985 and provided an extensive data set which continues to yield new results. The experimental results reported here were obtained with the combined use of the University of Iowa plasma diagnostics package (PDP) and the Stanford/Utah State vetficle charging and potential experiment (VCAP). To date most of the analysis has focused on the sequences performed during the release of the PDP as a free-flying satellite. However, over 300 beam sequences were conducted with the PDP mounted in the orbiter's payload bay. The results of these experiments provide important new information which helps answer some of the outstanding questions which remain. The wave environments which exist in the orbiter payload bay and at several hundred meters away are compared both during eanbient conditions and during electron beam injections. The dependence of beam-generated wave characteristics on the duty cycle and the frequency of the pulsed beam are investigated. The duty cycle of the beam is found to be one of the most important parmnetcrs affecting the mnplitude and the harmonic structure of the waves. Maximum amplitudes are produced by 50% duty cycles and amplitudes are proportional to instantaneous, rather than average, beam current. Harmonic structure also provides insight into the spatial integrity of the propagating beam. The dependence on pulsing frequency is found to show good agreement with theory for whistler mode waves produced through the Cherenkov resonance confirming previous results. Theoretical predictions for the dependence of wave amplitudes on parameters which could not be experimentally investigated are also provided. The results of both the experimental and theoretical studies have important practical consequences for experiments attempting to produce and detect propagating radiation using artificial electron beeans.
INTRODUCTION
The Spacelab 2 electron beam experiments were part of a long and on-going series of active experiments using electron beams as probes of plasma processes in the ionosphere. [1988, 1990] .
Reviews can be found in
Analysis of the wideband wave receiver data after the mission was aided by the development of an algorithm to extract absolute wave amplitudes from the wideband receiver data using information on the gain applied to the signals by the AGC. (See Reeves [1989] or Reeves et al. [1990] .) This capability allowed more quantitative analysis of the data from Spacelab 2 than was possible for STS 3. The primary results from the investigations during the free flight of the PDP were (1) the amplitudes of the beam-generated ac fields were determined, (2) an electromagnetic component of both the broadband and the narrow-band radiation was observed, (3) this component was determined to be whistler mode radiation produced through the Cherenkov resonance. Gurnett et al. [1986] and Farrell et al. [1988] used filter bank data to identify a funnel-shaped emission between the lower hybrid frequency (coLoR) and the electron cyclotron frequency (•Vce) as quasi-electrostatic whistler mode waves with wave normal angles near the resonance cone. Reeves et al. [1990] used wideband receiver data to show that broadband and narrow-band waves observed below • 30 kHz were whistler mode waves with wave norma] angles in the central hump of the index of refraction surface (e.g., the wave normal angle is less than the Gendrin angle [0 < 06]).
PAYLOAD BAY SEQUENCES
Investigations of wave generation during the free flight of the P DP yielded important information about electron beam wave generation. The experiments were carefully coordinated and provided unique data on the wave environment at a variety of locations with respect to the orbiter and the beam for several different FPEG operations. However, the free flight was not the only period which produced interesting data. Literally hundreds of separate FPEG modulation sequences were conducted while the PDP was mounted in the orbiter's payload bay. The results of these investigations are the subject of this paper. The FPEG was command controlled and could be operated in either preprogrammed modes or through up-linked commands. Operation in preprogrammed modes was the most common and typically several modes were programmed back-to-back in what are referred to as "beam sequences." An interval of FPEG operation at a particular frequency and duty cycle is referred to as a "pulsing period" (which should not be confused with the period of the square-wave modulation). A pulsing period could have a duration of microseconds to minutes but was typically several seconds long. Frequencies were typically several tens of hertz to several tens of kilo-hertz. The FPEG was square-wave modulated and the ratio of the on time of a single pulse to the period between pulses is defined as the duty cycle and could range from nearly 0% to 100%. A beam sequence could consist of one or several pulsing periods. For sequences comprised of several pulsing periods the frequency and duty cycle were varied from one pulsing period to the next in order to investigate specific phenomena.
Figures 1-5 show the beam sequences which are most important to this investigation. The upper plot in each figure shows the frequency of each pulsing period. The lower plot shows the duty cycle for each pulsing period. Duty cycle is plotted relative to 50% (which represents equal beam-on and beam-off times) for reasons which will become apparent. Although, on these plots, each pulsing period is shown with a gap between it and the next this is just for visual clarity. In fact, each pulsing period occurred immediately after its predecessor with no FPEG-off interval between them. in wave amplitudes due to effects other than changing duty cycle.
The ELF Sweep sequence is shown in Figure 4 . The frequency is increased from 51 Hz to 976 Hz in nine steps. At each step the pulsing frequency is increased by approximately a factor of two. The duty cycles of 20%, 33%, or 50% were chosen to be as constant as possible while obtaining the desired frequencies. After nine steps the pattern is repeated twice for a total of 18 pulsing periods. The VLF Sweep sequence ( Figure 5 ) was similar to the ELF Sweep sequence but was designed to span the 0-10 kHz range. The primary purpose of these sequences was to investigate the dependcnce of wave emissions on beam pulsing f. equency 
COMPARISON OF Fgzz FLIGHT AND PAYLOAD CONDITIONS
During the payload bay wave generation sequences (referred to here as simply "payload bay sequences") the PDP can provide dramatically different plasma densities than in the surrounding medium. Although these phenomena are generaJly assumed to have an effect on the production of waves by electron beams, the magnitude of those effects is not completely understood. It will be seen below that these effects do not substantially alter the basic characteristics of the electron beam-generated waves. Therefore, for the purposes of this investigation, the payload bay can be thought of as similar to, but more noisy than, the undisturbed, ambient plasma environment. The VLF Sweep Sequence 
THEORY OF NARROW-BAND WAVE PRODUCTION
There are several advantages to a pulsed mode of electron beam operation. As seen, pulsed electron beams produce narrow-band emissions at discrete, predictable frequencies. These waves can be readily distinguished from background emissions. In addition pulsing the electron beam produces a current source which can radiate coherently and can therefore produce more intense radiation than an incoherent source [Bell, 1968] . As a result there has been considerable effort to develop a theoretical model for wave production by pulsed electron beams. 
Harker and Banks

Applications of the Theory
The expressions for the electric or magnetic field components given by HBN can be evaluated numerically for the specific conditions which existed during the Spacelab 2 experiments. The conditions include frequency, duty cycle, beam current, beam energy, the geomagnetic field vector, the plasma density, and the distance of observation. Given those values, an electric or magnetic field vector can be cal- Two problems exist when applying the theory of HBN to the results from the payload bay beam operations. The first is that the electron density could not be measured accurately when the PDP was in the payload bay . This is a result of the turbulent conditions produced in the payload bay by the motion of the orbiter through the plasma. Thus an approximate value must be used. The second problem is that the theory of HBN, as it stands, is not complete. As noted above, the contributions to the integrals from the simple poles are included but a contribution from a branch cut was neglected. We have evaluated the contributions from the branch cut in the asymptotic far-field limit. The relative contribution of the branch cut will be greater at larger distances from the beam but its effect at the short distances at which the Spacelab 2 experiments were conducted is not known. Nevertheless the theory of HBN in its present form proved quite useful in the interpretation of the free flight wave stimulation results and lacking a complete theory it will again be used here. We will see that it again shows good general agreement and provides an important framework for the interpretation of the experimental results.
THE BEAM DUTY CYCLE
The duty cycle of the beam is defined at the ratio of the beam on-time to the period of the beam modulation. It is one of the most easily controlled of the beam parameters and turns out to be one of the most important. The duty cycle controls the spatial structure of the beam. This, in turn, controls the amplitude and the spectral characteristics of the waves generated by the beam. The presence of measurable narrow-band waves at the forbidden frequencies is likely to be the result of loss or partial loss of the spatial coherence of the beam pulses. Figure 13 shows how sensitive the amplitude is to the duty cycle. The predicted amplitude of the second harmonic is plotted for duty cycles in the vicinity of 50%. It is seen that even a 1% change in the actual duty cycle of the beam pulses can result in a substantial and measurable wave amplitude for a forbidden frequency.
The duty cycle enters into the equations of HBN through
An interesting point is that the duty cycle factor is a spatial parameter rather than a temporal one. This is seen in the theory from the fact that the integral which produces the duty cycle factor is over the coordinate space. Evidence of this subtle distinction is also found in the data from the Prox Ops sequence. As mentioned above, the Prox Ops sequence the duty cycle ranged from 11% to 50%. The duty cycle for each frequency is represented on the plot by the size of the dot. Frequencies with duty cycles which are less than 50% appear with systematically lower amplitudes. Second]y, the amplitude of the measured amplitudes is consistently higher than predicted. This is most likely due to an inappropriate estimate of the electron density which could not be accurately measured.
PREDICTED VARIATIONS WITH IMPORTANT PARAMETERS
The duty cycle and the frequency of a particular pulsing period were actively controlled during the Spacelab 2 mission. These two parameters are particularly important in the study of wave generation by electron beam injection. In this section we consider the dependence of wave amplitude on parameters which could not be controlled. Again we use the predictions of HBN. The parameters we will consider are the beam current (lB), the beam energy (EB), the geomagnetic field strength (B0), the pitch angle (•b), the ambient For each calculation a set of default parameters were used (Table 1) Figure 17 indicates that changes of energy up to a factor of 2 will not significantly effect the wave amplitudes provided the beam energy alone is changed. Another interesting prediction is that the wave amplitude may actually decrease for higher beam energies at some frequencies.
Geomagnetic Field
The variation with the geomagnetic field strength is shown in Figure 18 . The magnetic field strength determines the characteristic frequencies in the plasma including the electron cyclotron, the ion cyclotron, and the lower hybrid frequencies which in turn appear in the elements of the permittivity tensor and the dispersion relation. B0 also determines the gyroradius and hence appears in the Bessel functions. Again, in spite of the complex dependence of the field expressions on Bo, the variation over the range B0 = 0.1-0.5 G is fairly smooth and gradual.
The The duty cycle is also found to control the harmonic structure of the narrow-band waves. Good agreement with the predicted dependence is observed for all frequencies except at forbidden harmonics. Measured amplitudes at forbidden harmonics are generally lower in amplitude but are not zero. The presence of narrow-band emissions at the forbidden harmonics is attributed to the sensitive dependence of the wave amplitude on the actual spatial extent of the beam pulses.
Investigation of the wave amplitude as a function of beam pulsing frequency also shows good agreement with theory. The dependence on frequency is predicted to be different for the different wave modes. The best agreement s found for the Cherenkov, root 2 solutions in the whistler mode. This is the same conclusion as for the results of the free flight wave experiments.
The beam duty cycle and frequency were actively controlled. Numerical calculations of the expected variation of the wave amplitude with other parameters were also performed. The amplitude of the narrow-band waves are not expected to show strong dependence on the beam current, the beam energy, or the geomagnetic field strength for values of these parameters near the Spacelab 2 conditions. The dependence of the wave amplitude on the beam pitch angle and the ambient electron density is expected to be more complex. In the Spacelab 2 experiments, in general, several parameters varied simultaneously and controlled investigations of a single parameter were not possible. It would be possible in future experiments to actively control the pitch angle and thus keep an important variable fixed or to vary it in a controlled manner and thus provide a sensitive test of the theory.
